ABSTRACT Accompanied by the rising fashion of distributed energy resources requiring distributed optimization is becoming more prevalent among power system. However, research for distributed optimization to determine smooth operation point (SOP) has attracted less attention in hybrid multi-terminal high voltage direct current (MTDC) and thus, it is still a core issue. The proposed method mainly designed to deal with SOP, and this goal can be mainly achieved by taking minimal line losses and smoothness objectives (MLLSO), which is formulated as an MLLSO optimization model. Then, the MLLSO optimization is transformed to single-objective distributed optimization through weight normalization of both objective functions. A minimal line loss objective and smoothness objective-based optimal power flow (MLLOSOBOPF) model is built at first to effectively handle prevailing constraints for the power systems parameters. Then, the alternating direction method of multipliers (ADMM) is utilized to solve this model by breaking it into smaller pieces based on OPF, each of which is easier to handle. In addition, different sized power systems are integrated with the 14-bus and 30-bus hybrid MTDC-AC systems to increase the complexity of test systems. Finally, based on 14-bus and 30-bus hybrid MTDC-AC systems, the computational output and comparison of the proposed method with centralized optimization centralized MTDC show that the proposed method is feasible and effective for determining hybrid MTDC grid SOP.
I. INTRODUCTION
The modern technological evolution and the increasing issues of global warming have inspired researchers to search for cleaner and better productive networks [1] - [3] . One of the best effective ways to reduce the impacts of fossil fuels on the nature is to produce energy from the cleaner energy sources [4] , which are located near to the users [5] , [6] such as wind turbines, photovoltaic panels, and fuel cells [7] . These sources are known as Distributed Generation (DG) units.
As the climate problems draw great common concern of public, the technology of Distributed Generation (DG) has
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grown tremendously [8] , [9] and further DGs will be connected to the distribution networks [10] - [12] . With increasing penetrations of distributed energy resources (e.g., rooftop PV generation, battery energy storage, plug-in vehicles with vehicle-to-grid capabilities, controllable loads providing demand response resources, etc.), the centralized paradigm most prevalent in current power systems will potentially be augmented with distributed optimization algorithms. Rather than collecting all problem parameters and performing a central calculation, distributed algorithms are computed by many agents that obtain certain problem parameters via communication with a limited set of neighbors. Depending on the specifics of the distributed algorithm and the application of interest, these agents may represent individual buses or large portions of a power system. Distributed algorithms have several potential advantages over centralized approaches. The computing agents only have to share limited amounts of information with a subset of the other agents. This can improve cybersecurity and reduce the expense of the necessary communication infrastructure. Distributed algorithms also have advantages in robustness with respect to failure of individual agents. Further, with the ability to perform parallel computations, distributed algorithms have the potential to be computationally superior to centralized algorithms, both in terms of solution speed and the maximum problem size that can be addressed. Finally, distributed algorithms also have the potential to respect privacy of data, measurements, cost functions, and constraints, which becomes increasingly important in a distributed generation scenario. Although AC technology is dominant in today's electric power system but DC technology and its rapid growth over the past two decades in power systems applications at different voltage levels is obvious as well. As a result, there is a paradigm shift from bulk central power systems to a huge number of smaller distributed renewable power systems [13] , [14] and the replacement of centralized optimization by a more distributed optimization. These reasons are precursor to establish the proposed idea. AC and DC transmission systems coexisted since the initiation period of the electrical grid [15] . The efficiency of the hybrid system in case of AC and DC systems is discussed in [16] . The utilization of hybrid MTDC-AC to boost the transient stability of the AC system is shown in [17] , [18] . The concept of hybrid MTDC-AC for multi-infeed to AC networks is discussed in [19] , [20] . Hybrid HVDC systems with AC and DC [17] , [20] - [26] can unite the pros of both systems.
While the attention toward hybrid-MTDC networks is accelerating, there are still numerous features of these networks that require additional research. The key feature is related to their power loss reduction and smoothness. The core issue is regulation of the dc-voltage in hybrid MTDC-AC networks in terms of smoothness, as it has direct connection with the power flow and power balance, and frequency in ac grids. However, dissimilar frequency that is a worldwide parameter, the dc grid's voltage differs throughout the network depending on power which is injected at each node. Currently, there are no exact paradigms that govern the smoothing process in hybrid MTDC-AC grid. So, various techniques are applied relying on combination of centralized control and decentralized control, or separately both can be explored in [27] - [29] . A hierarchical OPF scheme is recommended in [30] to handle the unbalanced setup, where the networks are divided into several areas and regional coordinators are needed. A complete distributed algorithm is designed in [30] , where the smoothness for distributed optimization is not considered. To tackle this problem, proposed distributed optimization approach that has ability to divide the optimal power flow into sub problems.
Therefore, this research is devoted to scrutinizing ADMM based distributed optimization and MLLSO optimization techniques for hybrid MTDC grids. Compared with existing researches on similar fields, the contributions of this paper can be summarized as below. Firstly, a new objective function is proposed to make the power system smooth at different scenarios. Secondly, distributed method based on ADMM algorithm is applied to solve optimization problems by splitting them into smaller pieces, which make easier to determine hybrid MTDC smooth operation point. Finally, the validation and the effectiveness of proposed model and methods on modified IEEE14 and IEEE 30 bus systems integrated with wind turbine. The achieved results make sure that proposed method has the potential to handle the distribution optimization and MLLSO optimization problems in hybrid MTDC-AC grid. As a result, it is worthwhile to study the problem of voltage smoothing.
In this paper, proposed method promises distributed optimization for determining hybrid MTDC smoothness operation point under a variety of operation scenarios and time-scales. Therefore, there is no need to utilize the communication channels as hybrid-MTDC systems can remain in operational mode without them. So, it will be also helpful while we are extending hybrid MTDC-AC system. The remaining paper is consisting of these sections. The mathematical modeling in section II and ADMM based distributed approach in section III, case study and simulation and results are discussed in section IV. Conclusion of the proposed method is made in Section IV.
II. MULTI-OBJECTIVE MODELING OF THE HYBRID MTDC/AC GRID
The first objective is to minimize the smoothness of the hybrid MTDC-AC system, as the state transition is based on voltage vector, that's why considered it for the sake of making the transition of the hybrid MTDC-AC grid states smoother throughout one-hour dispatch time interval, we build the following objective function (1) where V t and V t−1 are the voltage at current time and voltage at previous time interval respectively.
The second objective is to reduce the power loss in hybrid MTDC-AC system. There are two bus systems shown in Fig. 2 and Fig. 3 . In the Fig. 2 14 bus hybrid MTDC-AC test system is consist of two subsystems and in the Fig. 3 the 30-bus hybrid MTDC-AC test system is with three subsystems. However, both bus test systems are same in terms of AC and DC buses combination, therefore the same objective function is defined separately for AC and DC case shown in below equations (2) and (9).
A. FOR AC CASE
Mainly the system is consisting of AC and DC subsystems, so firstly, AC system is taken under consideration. a) Objective function
where K ∈ {1, 2, 3, . . . . . . , m} and i, j{1, 2, . . . , n} VOLUME 7, 2019 b) Equality Constraints
Now P Gi and Q Gi are the active and reactive power generations of bus i; P Li and Q Li are the active and reactive power loads of bus i; θ ij is the voltage angle difference between bus i and j, and G ij and B ij are transfer admittance from bus i to bus j. c) Inequality constraints Generation limits, voltage limits and current limits are chosen here as inequality constraints respectively in equation (5) to equation (8) accordingly.
The operation state of the power system can be defined by the set of P-V droop control reference voltage values of the hybrid MTDC-AC grid. As expressed in circuit theory, bus voltage vector determines the base operational point. Where the power system transfers first base operational point to final base operational point, the execution of the transition is indicated by the closeness between the base operational points indicates the execution of the transition. The closer distance will cause smaller the step to be transited by all P-V droop controllers, that's why the best of smoothness of the grid state transition between the base operational points. As a result, we take this distributed approach for determining the MTDC grid smooth operation point. Smoothness in distributed manner is one of the key technologies to guarantee reliable and economic smooth operation [31] . a) Objective function
where, i, j = 1, 2, . . . , n. The circuit laws govern the state of the MTDC grid. So, the adjustment of the set of P-V droop control reference voltage values or the base operation point should fulfil requirements of all bus MW balance equations. Further, limit the device rated voltage and DC line permissible maximum current, voltage and current related security constraints should be considered while deciding the base operation point. b) Equality constraints
Power injection at the load buses is taken as equality constraints. So, equality constraints are in the form of Bus Megawatt (MW) balance equation. In the equation (10), the equality constraints of the optimization problem consist of power injected at each node of the system and the load level of the system. The equation (9) shows that the power flow at each node, where g ij is the conductance of the all branches of the network. Likewise, V i − V j is difference of voltage magnitude at node i to node. c) Inequality constraints.
where k ∈ {1, 2, 3, . . . ,m} and i, j∈ {1, 2 . . . ,n and P Loss is the power loss in (i, j) nodes, K and (i, j) ∈K , indicates the set of branches of the MTDC system and both are the (i, j) nodes of a branch. V i and V j represents voltage magnitude of node (i, j). The conductance between nodes (i, j) is g ij .
III. ADMM BASED DISTRIBUTED OPTIMIZATION
Normalization of MLLSO objectives is expressed in equation form as:
Notation F(x) represents the sum of both objectives smoothness and power loss. λ 1 and λ 2 show the weightage of given objective functions minf 1 (x) and minf 2 (x). It is obvious F(x) achieves the minimum value, the transition between different states of the grid will be smoothest. So, we should minimize F (x) in determining base operation point.
The converter is supposed to be lossless, that's why the power on both directions of the converter is constraint as follows: (14) where, active power into the converter is P AC conveter and the output of the converter in terms of DC power flowing is P DC conveter . The Kirchhoff's voltage law condition must be fulfilled by the DC voltage magnitude.
The DC voltage magnitude of the rectifier in the above equation written as V DC i , V R DC and V DC k are the voltage drop caused by the DC line and the invert's DC voltage magnitude respectively.
How much active power is to be transmitted over the DC line is controlled by rectifier, considering that the DC voltage at its node is controlled by inverter. Both converters can handle either the AC voltage, or the injected reactive power Q, respectively. The possible rate of power transition over the DC line, as seen in figure 1 can be written as follows [33] .
where
is admittance of the coupling transformer. The power flow into the converter is as follow:
Because it is supposed that the converter is to be lossless, the power on each side of the converter is given by:
Both production or dissipation of reactive are caused by converter power, the reactive power on converter can only be constrained as:
As a result, following power balance at rectifier bus i:
and for the inverter bus l:
For the internal rectifier bus x, the following power equation are derived:
P DCj can be calculated directly by P ij . The power over the DC link is controlled by P il = P ij and therefore P ij is the negative value of the controlled power flow minus the losses of the coupling transformer. For the internal inverter bus j, the following power equation is derived:
The DC power P DCk which flows into the inverter side can be calculated as follows:
With equation (15) the voltage losses over the DC resistance, V R DC can be expressed with V DCj and V DCk .
This leads to following power equation at bus k:
With Kirchhoff's Law from equation (15) the following DC voltage equation can be derived:
I DC can be calculated as
And therefore
The primary aim of the proposed approach is to break the OPF into separate subproblems through ADMM algorithm, each of which contains only a smaller subset of the variables to be optimized with limited overlap among each other. For example, nodes of the power system in topographical proximity are set together, and limited common variables are only shared by adjacent partitions. The theme is then to solve the constrained sub-problems with respect to the subset of variables using, during applying the consistency of the overlapping variables by making them identical to some dummy variables through the equality constraints. These steps can be repeated, which leads to distributed implementation. More precisely, the objective function and constraints of the OPF can be break into N sub-systems:
where x n is a small subset of variables in x with lower and upper-bound as x n,lb and x n,ub respectively However, F n (x n ),C eq,n (x n ),C i eq ,n (x n ) depend only x n . Commonly, the decomposition is performed in a way such that x n only VOLUME 7, 2019
contains a small subset of variables in x with limited overlapping with each other. Precisely, S n denote the selection matrix which extracts the subset x n from x with variables appearing in the same precedence order. Thus,
The selection matrix extracting the overlapping variables x n from x n with variables appearing in the same precedence order as in x is denoted as F n . Therefore,
The problem in (38)- (41) can be decoupled by defining a dummy variable Z with nonzero entries only at the locations corresponding to the overlapping variables in Z and the introduction of consensus constraints on the dummy variables between the partitions. Here, we remark that Z is used to simplify the mathematical formulation. In practice, each subsystem can still access their own overlapping variables without forming the whole vector Z . Instead, they can usẽ
Using (43) and (44), the OPF in (38)- (41) can be re-written as
x n =z n x, n = 1, 2, . . . . ., N .
One can see that each partition can solve a smaller constrained optimization in the variable x n subject to the consensus constraints in (47). Similar decomposition is also used in [33] , [34] . The augmented Lagrangian method can be used to absorb the linear consensus constraints into the objective function subject to the nonlinear constraints in (46) which yields
λ n is the Lagrange multiplier in the nth partition and ρ is an augmented Lagrangian penalty parameter. Then, (48) and (49) can be solved using the following iterative procedure where each subproblem can be solved in a distributed manner. 
From (51) to (51c), we can see that (51c) contains N independent least squares (LS) problems and its analytical solution is given as
wherex n is an expansion matrix mapping the overlapping variables in the n-th partition back to the variable x while keeping other variables at zero. The (j, j) entry of the diagonal matrix D equals to the number of times that j − th variable appears as an overlapping variable in all N subsystems. In this way, the overlapping variables from K are averaged to obtain the global variables. The K independent constrained sub-problems in (51) can be solved using the distributed approach, which solves the sub-problem in (51) by applying Newton's method to the Karush-KuhnTucker (KKT) conditions of (51). More specifically, at the r − th inner iteration of (51) denoted by x (t)(r) n , we aim to solve the following quadratic programming sub-problem to find the search direction. For r = 0, 1, . . . . After obtaining the search direction d
, the iterate x (t)(r) n could be updated by a line search method, i.e.
, where α (t)(r) is a stepsize obtained from line-search [35] . Suppose the distributed convergence at iteration R, we update the x (t+1) n in equations (51) to (51c) is to achieve a sufficiently small l 2 norm of the following vector 
IV. CASE STUDIES
The performance of the proposed MLLOSOBOPF approach for distributed optimization has been comprehensively evaluated through 14 and 30 bus hybrid MTDC-AC test system, which are developed and validated by modifying IEEE 14 and 30 bus test systems. To increase systems complexity, the wind turbines are also added with systems. However, to make simulations more realistic, the electric load data from Dongguan City, Guangdong province, China, and the wind power data from the Cathedral Rocks wind farm in Australia are applied. The topology of IEEE 14 and 30 bus test systems can be found in [36] . These hybrid MTDC-AC systems contains two and three systems for 14 and 30 bus systems respectively, interconnected by converters and transmission lines systems. The same power settings are used for load buses for 14 and 30 bus hybrid MTDC-AC systems as both systems are obtained from 14 and 30 IEEE-bus AC test cases. In the established hybrid MTDC-AC systems, there are 3 and 6 DC line for 14 and 30 bus systems respectively and presented in Fig.2 and Fig.3 . M-file has been implemented in MATLAB R R2016b software to solve the MLLOSOBOPF while considering the centralized OPF method and centralized MTDC method, and distributed MTDC method. All methods are tested on the 14 bus and 30 bus hybrid MTDC-AC test system. Simulations are done using a PC based on AMD A10-7850K Radeon R7, 12 Compute Cores 4C+8G, 3.7 GHz, 8 GB RAM with Windows 10 64-bit operating system. The MLLOSOBOPF is consist of quadratic objective functions and nonlinear constraints.
In this paper, we have taken five operational scenarios, i.e., every adjacent operation scenario interval an hour, all scenarios values vary due the ratios of the wind generations, total load and number of buses. Each output of network's subsections is dependent on the ADMM algorithm and the setpoint of regulating command from the controller according to their respective optimized participating factors. The typical 74244 VOLUME 7, 2019 outcomes of 14 and 30 bus hybrid MTDC-AC networks based on MLLSOBOF are shown in Table 5 and 6.
The simulation study case considers the operation of these DC-buses designed for a grid-connected wind generation plant also integrates subsystems. As can be seen in Fig. 2 and Fig. 3 . VSCs are connected to the common dc-bus. In which the output of the converter, responsible of managing the DC values through the DC bus. These buses connected power was set equal to the sum of the active and reactive power and the ratings of the generators were affected accordingly.
We then solved the MLLOSOBOPF problem by considering each subsection of the network to be governed by an ADMM Algorithm.
The detailed voltage level at five different scenarios against each bus of the whole 14 and 30 bus systems are tabulated in Table 1-6. Table 1, Table 3 and Table 5 indicates 14 bus  system, on the other hand Table 2, Table 4 and Table 6 are representing 30 bus system, meanwhile Table 1 -2, Table 3-4  and Table 5 -6 are representing centralized OPF, centralized MTDC and distributed MTDC respectively. Where centralized OPF method, centralized MTDC method and distributed MTDC method are taken as method 1, method 2 and method 3 accordingly.
The comparison of outcomes provided in tables firmly imply that the proposed method yields the same solutions as the centralized method. This validates the accuracy of our method.
The same scenarios were then solved by using a centralized OPF method and centralized MTDC method and the results compared side by side. Both in the centralized method and distributed method, the original nonconvex problem was solved by using an ADMM algorithm, according to section two and three, distributed method-based optimization results are more satisfactory than those obtained by centralized OPF method and centralized MTDC method in terms of voltage regulation. Fig.4 and Fig.5 show the outcomes of the centralized OPF method, centralized MTDC method and Distributed MTDC method respectively under five scenarios. Both figures are plotted based on scenario (x axis) vs power losses (y axis). Meanwhile, Fig.6 and Fig.7 are showing the outcomes based on method 2 and method 3. Both methods outcomes are plotted in Fig.4-Fig7 , we found the outcome values of distributed MTDC method are slightly different than centralized MTDC method and it is some extend neglectable. This makes the proposed method very robust in future smart grid with high diffusion of renewable energies. The prominent performance of the proposed method attributes to its performance capability and adaptiveness over a wide range of power systems. 
V. CONCLUSION
A Multi-Terminal high voltage direct current hybrid (MTDC)-AC system that encompasses the almost complete range of processes and techniques related to the effective transmission of electricity is an essential feature of future power grid. In this paper, a new approach has been proposed to solve the smoothness problem of a hybrid MTDC-AC system with AC/DC lines. A minimal line loss objective and smoothness objective based optimal power flow is applied first to the distributed optimization approach, such that the problem related to each subsystem can be solved separately. Then, an alternating direction method of multipliers algorithm has been used to efficiently solve the distribution optimization problem for every subsystem in the hybrid MTDC-AC system. The proposed approach has been demonstrated by solving the centralized OPF method, centralized MTDC method and Distributed MTDC method separately, meanwhile 14 Bus MTDC-AC hybrid system and 30 bus hybrid MTDC-AC system are taken as test system. Simulation results have shown that the smoothness is optimal by using distributive approach, compared to solving the problem with the centralized OPF method and centralized hybrid-MTDC method.
